We describe here an ϳ40-kDa Plasmodium vivax tryptophan-rich antigen (PvTRAg40) which contains 321 amino acids and 11.4% tryptophan residues. This protein shows 65% homology (35% identity) with the previously described PvTRAg, besides sharing 23 of 27 positionally conserved tryptophan residues and similar genomic organization. 
Malaria remains the most prevalent and devastating parasitic disease worldwide (7) . Its prevalence is likely to increase because of growing drug resistance and the absence of an effective malaria vaccine (23) . Effective control measures are urgently required to contain the disease (28) . Therefore, the foremost aim of immunological research on malaria for more than 20 years has been vaccine development (3) . A malaria vaccine would be a valuable tool to reduce both the morbidity and mortality of the disease. Two lines of evidence suggest that a malaria vaccine is attainable. Firstly, immunity can be acquired as a result of natural exposure to infection, and secondly, various immunization strategies can enhance protection against infection (21) . However, separate vaccines would be required to target Plasmodium vivax and P. falciparum malarial infections, as the two species are phylogenetically and antigenically quite distinct (13) . The ability of the parasite to undergo rapid antigenic switching presents an important challenge to vaccine development (16) . An effective malaria vaccine must be able to target the exoerythrocytic-and blood-stage forms of the parasite, generate both humoral and cellular immune responses, overcome genetic restriction, and stimulate memory cells (10) .
The development of a successful multivalent malaria vaccine therefore requires identification of newer potential vaccine antigens. Furthermore, humoral and cellular immune responses generated against these parasite molecules during natural sensitization against malaria are required at an epidemiological level (20) . It is generally believed that identification of T-cell epitopes capable of eliciting an immune response in individuals of different genetic backgrounds would be necessary for designing a subunit vaccine (20) . T cells play a central role in the regulation of immune responses and the formation of immunologic memory which can control and eliminate the infection (24) . Studies with both mice and humans have repeatedly shown that proinflammatory cytokines, such as interleukin-12 (IL-12), gamma interferon (IFN-␥), and tumor necrosis factor alpha (TNF-␣), are essential mediators of protective immunity to erythrocytic malaria; these cytokines can be derived from either the innate or adaptive arm of the immune response (14, 32) . It is important to determine the contributions of these cytokines to both immunity and pathology of infection with malaria, since they can support either aspect during a proinflammatory response (3) .
In order to examine new parasite molecules and their role in the generation of both humoral and cellular responses, we describe here the cDNA cloning, expression, and immunological characterization of the ϳ40-kDa P. vivax tryptophan-rich antigen (PvTRAg40), which shares positionally conserved tryptophan residues with the previously reported PvTRAg protein (19) . Similar to PvTRAg and PvTARAg55 (30) , this antigen is also expressed by all the asexual blood stages of the parasite, but it shows more conserved B-cell epitopes than the other two antigens do. Humoral responses to this antigen among infected humans are greater than those to PvTARAg55 but similar to those to PvTRAg. Although the cellular immune response to PvTRAg has yet to be determined for the P. vivax-exposed population, it was higher for PvTRAg40 than for PvTARAg55 among the same group of individuals.
MATERIALS AND METHODS
Cloning and expression of PvTRAg40 gene. Previously isolated P. vivax mRNA (19) was used for the amplification of PvTRAg40 cDNA, using primers FSpeI (5Ј GACTAGTTGAAAAGTCAGAAGAAT 3Ј) and RXbaI (5Ј TTTGCTCTAGAA GTGGCTGCATTT 3Ј). The restriction sites were incorporated into the primer sequences for cloning purposes and are shown in bold. The underlined residues were modified to create these sites. PCR was performed using the high-fidelity proofreading enzyme Platinum Pfx DNA polymerase (Invitrogen Life Technologies, Carlsbad, CA). The parasite DNA was initially denatured at 94°C for 10 min. Thirty-five cycles, consisting of denaturation at 94°C, annealing at 53°C, and extension at 72°C for 1 min each, were carried out. Final extension was carried out for 10 min at 72°C. The PCR product was purified and cloned into the pGEM-T Easy cloning vector (Promega Corp., Madison, WI) and subsequently subcloned into the SpeI and XbaI sites of the pPROEXHTa expression vector (Promega Corp., Madison, WI) and transformed into Escherichia coli BL21 (DE3). A 1 mM final concentration of IPTG (isopropyl-␤-D-thiogalactopyranoside) was used to induce the expression of recombinant fusion protein.
Purification of recombinant PvTRAg40. A recombinant PvTRAg40 protein containing a six-His tag was expressed as inclusion bodies and then refolded by using 3-(cyclohexylamino)-1-propane sulfonic acid (CAPS) and N-lauroylsarcosine at alkaline pH as described earlier (29) . The refolded protein was purified by immobilized metal-affinity chromatography (IMAC) on Ni 2ϩ -nitrilotriacetic acid (Ni 2ϩ -NTA) agarose (Qiagen GmbH, Hilden, Germany) under native conditions, and eventually, bound protein was eluted with elution buffer (50 mM NaH 2 PO 4 , 300 mM NaCl, 300 mM imidazole; pH 8.0). One-milliliter fractions were collected and analyzed by 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). To further analyze the homogeneity of affinitypurified recombinant PvTRAg40, it was subjected to a C 18 reversed-phase chromatography column (Supelco; Sigma-Aldrich, St. Louis, MO) on a high-performance liquid chromatography (HPLC) system (BioLogic dual flow; Bio-Rad Laboratories Inc., Hercules, CA). For column equilibration, 0.05% trifluoroacetic acid was used, and elution was carried out with a gradient (0 to 100%) of 50% acetonitrile and 0.05% trifluoroacetic acid at a flow rate of 1 ml per min. The absorbance was recorded at 280 nm.
Raising polyclonal antisera against PvTRAg40. Polyclonal sera against PvTRAg40 were raised in rabbits as described earlier for PvTRAg (19) . Briefly, 300 g of purified recombinant PvTRAg40 was emulsified with Freund's complete adjuvant and administered subcutaneously. Before antigenic stimulation, these rabbits were bled for the collection of preimmune serum. To boost the antibody response, 100 g of antigen was emulsified in incomplete Freund's adjuvant and administered subcutaneously four times at 2-week intervals. Ten days after the last immunization, sera were collected from clotted blood, decomplemented, aliquoted, and stored at Ϫ20°C. Humoral immune response. (i) Direct binding ELISA. One-hundred-nanogram portions of HPLC-purified recombinant PvTRAg40 were used to coat a 96-well microtiter plate (BD Biosciences, San Diego, CA) in triplicate. Enzymelinked immunosorbent assay (ELISA) was performed with serum samples from individuals who had been exposed to P. vivax malaria 8 to 14 weeks prior to study and from those without a history of malaria infection (malaria naïve) who were negative for malaria parasites at the time of blood collection. These individuals were living in the vicinity of Jabalpur, Madhya Pradesh State, Central India, where malaria transmission is seasonal and ranges from moderate to high. Sample collection from both females and males (ratio, 1:1.85) with ages ranging from 4 to 58 years was done during July 2006. Blood samples were collected according to institutional guidelines, and all individuals were provided with information on the research use of specimens. ELISA was performed as described earlier (19, 26) , and the optical density (OD) was taken in a microplate ELISA reader from Electronics Corporation of India Limited (Bangalore, India). The final reading of each well was derived by subtracting the background OD. An OD value equal to or more than the mean plus 3 standard deviations (SD) of the healthy controls with no history of malaria and no parasitemia at the time of blood collection was considered to be positive.
For immunoglobulin G (IgG) isotyping, ELISA was performed as described above, with the same amount of HPLC-purified PvTRAg40 (100 ng/well) and with human sera (1:100 dilution) from the group of individuals who recovered from P. vivax malaria, except that the secondary antibody was biotin-labeled monoclonal anti-human IgG1 (1:1,000) or IgG4 (1:15,000), with avidin peroxidase (1:2,000) as the primary substrate (Sigma, St. Louis, MO). The enzyme reaction was developed with O-phenylenediamine dihydrochloride as the chromogen and hydrogen peroxide as the substrate, and the absorbance was taken at 490 nm.
(ii) Western blot analysis. The immunoblot of purified recombinant PvTRAg40 was developed with the above-mentioned P. vivax-exposed sera, as described earlier (19) , except that the serum samples were preadsorbed with pPROEXHTa-containing E. coli, the dilution of horseradish peroxidase-conjugated secondary antibody was 1:10,000, and the color reaction was developed with diaminobenzidine reagent (Sigma-Aldrich, St. Louis, MO). The identity of recombinant PvTRAg40 was confirmed by its recognition by the monoclonal anti-His antibody (Serotec, Oxford, UK) at a 1:3,000 dilution prepared in phosphate-buffered saline (PBS) with 1% bovine serum albumin. The polyclonal serum raised against this PvTRAg40 protein was also used to recognize the purified protein at various antibody dilutions (1:200, 1:500, 1:1,000, 1:2,000, 1:5,000, and 1:10,000). Cellular immune response. Peripheral blood samples were collected under medical supervision from 20 confirmed P. vivax-infected patients who had recovered from their last P. vivax malaria episodes about 8 to 14 weeks prior to study. Only parasitologically negative convalescent individuals were selected because the in vitro cellular response to malaria antigens is known to be downregulated during acute infections (27, 35) . Five milliliters of blood was collected in a 15-ml sterile heparinized tube, stored on ice, and transported to the lab within 6 h. Blood samples were also collected from 10 malaria-naïve volunteers to determine PvTRAg40 T-cell-stimulated proliferation and cytokine levels in persons not sensitized to the malaria antigen. The slide examination of these volunteers confirmed them to be malaria negative at the time of sample collection. The protocol was approved by the institutional ethics committee, and informed consent was obtained from all human subjects. These subjects were provided with information on the research use of specimens that were collected.
Peripheral blood mononuclear cells (PBMC) were isolated from whole blood diluted 1:1 with incomplete RPMI 1640 (supplemented with 0.2% NaHCO 3 , 40 g/ml gentamicin, 100 IU/ml penicillin G, and 0.1 mg/ml streptomycin) by centrifugation on a density gradient using Histopaque-1077 (Sigma, St. Louis, MO). Briefly, 10 ml (diluted 1:1) of blood was overlaid on 3 ml of Histopaque in a 15-ml centrifuge tube. The samples were centrifuged at 300 to 400 ϫ g for 20 min at room temperature. The PBMC at the interphase were collected and washed three times with incomplete RPMI, and the viable cells were counted by trypan blue exclusion test. The PBMC were then resuspended in complete RPMI (incomplete RPMI supplemented with 10% heat-inactivated fetal calf serum; Gibco-Invitrogen, Carlsbad, CA) to a density of 2.5 ϫ 10 6 cells per ml. One hundred microliters of cell suspension was distributed in quadruplicate in a 96-well flat-bottomed tissue culture plate (BD Biosciences, San Diego, CA). Cells were stimulated with 100 l of 10-g/ml filter-sterilized, HPLC-purified recombinant PvTRAg40 prepared in complete RPMI or phytohemagglutinin (PHA; 5 g/ml) (Gibco-Invitrogen, Carlsbad, CA). The control wells received an equal volume of RPMI. The cells were cultured for 4 days in a humidified atmosphere with 5% CO 2 at 37°C. After 48 and 96 h of stimulation, 100 l of cell-free supernatant was removed and replaced with 100 l of complete RPMI. The culture supernatants from each of the quadruplicate and control wells were pooled. After 96 h of culture stimulation, the cells were pulsed with 1 Ci of [ Cytokine assays. Cytokine assay was done on pooled culture supernatants obtained after 48 h and 96 h of stimulation with PvTRAg40 and PHA. Supernatants were diluted 1:1 with RPMI for cytokine estimation, and later their OD values were normalized. The assay was performed using a human immunoassay kit (OptEIA; BD Biosciences, San Diego, CA) per the manufacturer's instructions, and results were expressed in picograms per milliliter, by interpolation from standard curves based on recombinant lymphokines (22) . The IFN-␥/IL-4 and TNF-␣/IL-10 ratios were taken as indexes for the Th1/Th2 cytokine response to the PvTRAg40-stimulated lymphocytes (17, 33) .
Indirect immunofluorescence assay. Thin smears of P. vivax-infected erythrocytes were prepared, air dried, and fixed with chilled acetone-methanol (1:1) for 20 min at Ϫ20°C. The smears were blocked with 1% bovine serum albumin in PBS, washed with PBS, and then incubated with a 1:100 dilution of either preimmune serum or antisera raised in rabbits against HPLC-purified recombinant PvTRAg40. After being washed with PBS, the smears were air dried and Genetic polymorphism. The genomic DNAs from P. vivax-infected patients' blood were isolated using an AccuPrep genomic DNA isolation kit (Bioneer Corp., Korea) per the manufacturer's instructions. These DNAs were then used for PCR amplification, using the same primer set as that described above for reverse transcription-PCR. The PCR products were analyzed in a 1.0% agarose gel. The DNA band was excised from the gel and purified using an AccuPrep gel purification kit (Bioneer Corp., Korea) following the manufacturer's instructions. Both the DNA strands were sequenced on an automated DNA sequencer (ABI Prism 310; Perkin Elmer, Applied Biosystems Inc., CA), using the same set of primers as those used for PCR. Sequences thus obtained were aligned together using DNASIS and Lasergene-Seqman software. Homologies with online data bank sequences were determined using the BLAST and FASTA algorithms available at http://www.ncbi.nlm.nih.gov and http://www.plasmodb.org. Multiple sequence alignments using ClustalW (http://www.ebi.ac.uk) were also performed.
Statistical analysis. All assays were performed in triplicate unless indicated otherwise, and results are reported as means Ϯ SD. The Mann-Whitney nonparametric method was used for comparing two unpaired groups, and two-tailed P values were reported using the software STATA, version 9.0 (StataCorp LP, TX). The Wilcoxon signed-rank test was used to compare the levels of IgG1 and IgG4 antibodies among the individuals in the recovered group. P values of Ͻ0.05 were considered statistically significant.
Nucleotide sequence accession numbers. The nucleotide sequence data reported in this paper are available in the GenBank database under accession numbers EF472686 to EF472720 (from 35 P. vivax clinical isolates obtained in different parts of India) and EF472721 (cDNA sequence).
RESULTS
Sequence analysis of PvTRAg40 gene. The previously reported PvTRAg sequence (19) was used to find homologies with online data bank sequences (http://www.plasmodb.org Multiple sequence alignments showed the peculiarity of these molecules, as they were not only unusually rich in tryptophans but the latter amino acid residues were also positionally conserved among them. We have analyzed here one of the homologues, named PvTRAg40, containing 321 amino acids (aa) (calculated molecular mass of 39.95 kDa) with an unusually large number of tryptophan residues (11.4%). The PvTRAg40 gene is interrupted by an intron where exon 2 encodes a 261-aa-long polypeptide. All 27 tryptophan residues were present in this exon 2-encoded polypeptide and distributed over its entire length. Twenty-three of the 27 tryptophan residues were positionally conserved between PvTRAg and PvTRAg40. Besides the positionally conserved tryptophan residues and similar genomic organization, PvTRAg and PvTRAg40 shared 65% homology (35% identity) with each other at the amino acid level (Fig. 1) . Expression and purification of exon 2-encoded polypeptide of PvTRAg40. In order to focus on the tryptophan-rich domain of PvTRAg40, we expressed only 237 aa from the exon 2-encoded protein, which excluded 24 aa from the N terminus of the exon 2-encoded protein. This strategy also excluded the exon 1-encoded 60 aa, which would otherwise be present in the FIG. 4 . Antibody responses to PvTRAg40 in P. vivax patients. (a) ELISA was performed with 43 sera from P. vivax-exposed patients and 34 sera from malaria-naïve individuals (both at a 1:400 dilution), using the HPLC-purified recombinant protein derived from exon 2 of PvTRAg40. The solid horizontal lines indicate the mean OD values, while the broken horizontal line indicates the cutoff value. (b) Western blot analysis of the above-mentioned HPLC-purified recombinant protein and serum samples. Purified protein was resolved by SDS-PAGE and then transferred to a nitrocellulose membrane. The nitrocellulose filter for each lane was cut and incubated with individual P. vivax-exposed and control sera (1:100 dilution). Pp, blot developed with pooled patient sera; Np, pooled malaria-naïve control sera. The arrow indicates the position of the PvTRAg40 band.
whole cDNA-derived protein. Thus, part of the cDNA for exon 2 of PvTRAg40 was amplified and expressed in E. coli to produce a 35.15-kDa fusion protein containing a six-His tag in its N-terminal region (Fig. 2) . Most of the expressed protein was present in the insoluble inclusion bodies (Fig. 3a, lane 5) , leaving only a minute fraction in the soluble form (Fig. 3a, lane  4) . Induction at lower temperatures (as low as 18°C) did not increase the solubility of the protein. Inclusion bodies were therefore used to obtain the purified recombinant protein (Fig.  3b, lanes 4 and 5) under the same conditions as those described earlier (29) . The purification of this recombinant protein was achieved by single-step Ni-NTA IMAC (Fig. 3b, lane 6 ). The protein was purified to a yield of about 18 to 20 mg per liter of induced culture. The purity of this protein preparation was further confirmed by reversed-phase chromatography on an HPLC system, which yielded a very sharp peak (Fig. 3c) . The Western blot of this peak with monoclonal anti-six-His antibodies also confirmed the identity of the purified recombinant PvTRAg40 protein (data not shown).
Human immune responses against exon 2-encoded polypeptide of PvTRAg40. (i) Humoral response. Antibody responses to PvTRAg40 were analyzed in 43 serum samples from P. vivax-exposed individuals and 34 serum samples from healthy volunteers who had no history of malaria infection in the recent past (malaria-naïve individuals). ELISA and Western blot assays were used to assess the humoral response to HPLC-purified recombinant protein derived from exon 2 of PvTRAg40. The serum dilution used for ELISAs was 1:400, while that used for Western blotting experiments was 1:100. In ELISA, the positive responders were defined as those who exhibited an OD 495 of Ͼ0.62 (mean ϩ 3 SD of control sera). Thirty-nine of the 43 (90.7%) serum samples from the P. vivax-exposed individuals showed ELISA ODs above 0.62 and thus were considered seropositive, while all 34 sera from healthy controls showed lower ODs (Fig.  4a) . The means Ϯ SD for P. vivax-exposed and control individuals were 1.15 Ϯ 0.43 and 0.24 Ϯ 0.13, respectively. Different levels of antibodies against this antigen were produced by the individuals (Fig. 4b) . The reactivity of each serum sample to the recombinant antigen on the Western blot assay almost complemented the ELISA OD values. PvTRAg40 seemed to be highly immunogenic, as indicated by the production of high-titer (Ͼ102,400) antibodies in rabbits. The results thus show the natural immunogenicity and antigenicity of PvTRAg40.
We also determined the levels of IgG1 and IgG4 antibodies against PvTRAg40 among 24 serum samples from the individuals who were exposed to P. vivax malaria 8 to 14 weeks prior to their blood collection (Fig. 5) (ii) T-cell response and cytokine production. The proliferative responses to recombinant PvTRAg40 of human T lymphocytes from the 20 P. vivax-exposed and 10 malaria-naïve individuals are shown in Fig. 6 . The lymphoproliferative responses were considered positive if the individuals showed SI of Ͼ2. All individuals, whether exposed or unexposed to P. vivax malaria, showed a positive response to PHA. However, 80% (n ϭ 20) of the P. vivax-exposed individuals showed a positive lymphoproliferative response against PvTRAg40 (mean SI, 3.9; range, 1.79 to 8.2), while none of the samples from the malaria control group showed a positive response to this antigen.
The profiles of the major Th1 (IFN-␥, TNF-␣, and IL-12) and Th2 (IL-4 and IL-10) cytokines elicited by PBMC in response to recombinant PvTRAg40 at 48 h are shown in Fig. 7 and 8. PvTRAg40-stimulated IFN-␥ production in P. vivaxexposed subjects (geometric mean ϭ 34.43 pg/ml) was significantly higher (P Ͻ 0.05) than that in malaria-naïve controls (geometric mean ϭ 7.67 pg/ml) (Fig. 7a) , whereas the difference in PHA-stimulated IFN-␥ production between test and control populations was insignificant (P Ͼ 0.05). The production of the TNF-␣ cytokine in P. vivax-exposed subjects (geometric mean ϭ 46.81 pg/ml) was also observed to be significantly higher (P Ͻ 0.05) than that in malaria-naïve controls (geometric mean ϭ 6.25 pg/ml) (Fig. 7b) , whereas the difference in PHA-stimulated TNF-␣ production between test and FIG. 5. Levels of IgG1 and IgG4 antibodies against PvTRAg40 in a group of recovered patients. ELISA was performed on serum samples (n ϭ 24) from individuals who had been exposed to P. vivax infection 8 to 14 weeks prior to sample collection, using HPLC-purified PvTRAg40 and biotin-labeled monoclonal anti-human IgG1 or IgG4. The levels of IgG4 antibodies were significantly higher than those of IgG1 (P Ͻ 0.05).
FIG. 6. T-cell response to PvTRAg40. SI are given for PBMC from subjects exposed to P. vivax or from malaria-naïve controls. The cells were stimulated with HPLC-purified recombinant PvTRAg40 protein, with the mitogen PHA as a control, or with medium alone as a background control. For calculation, mean scintillation counts per minute were calculated. Open circles represent SI values for control individuals who had no history of malaria exposure (n ϭ 10), and solid circles represent SI values for subjects recently exposed to P. vivax who had recovered 8 to 14 weeks prior to study (n ϭ 20). SI values of Ͼ2.0 were considered positive (the cutoff value is shown by the dashed line).
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IMMUNOLOGICAL RESPONSE TO PvTRAg40 2581 control populations was insignificant (P Ͼ 0.05). Similarly, production of IL-12, IL-4, and IL-10 was significantly higher (P Ͻ 0.05) in the P. vivax-exposed subjects (geometric means ϭ 237.35, 105.56, and 264.79 pg/ml, respectively) ( Fig. 7c and 8a and b) than in malaria-naïve controls (geometric means ϭ 48.07, 24.07, and 29.85 pg/ml, respectively). However, differences in PHA-stimulated production of these cytokines in the P. vivax-exposed subjects (geometric means ϭ 345.93, 125.26, and 270.01 pg/ml, respectively) and control groups (geometric means ϭ 183.35, 69.89, and 10.12 pg/ml, respectively) were insignificant (P Ͼ 0.05) for IL-12 and IL-4 and significant only for IL-10, while those produced by medium alone were insignificant for all the cytokines. The mean difference in cytokines produced at 48 h and 96 h ( Table 1 ) was significantly lower (P Ͻ 0.05) for IFN-␥ and TNF-␣ and higher for IL-4, but no significant change in IL-12 and IL-10 production was observed. The geometric mean ratios of IFN-␥ to IL-4 and TNF-␣ to IL-10 at 48 h and 96 h are shown in Table 1 . The results show that the production of PvTRAg40-induced Th2 cytokines (IL-4 and IL-10) is more pronounced than that of Th1 cytokines (IFN-␥ and TNF-␣), suggesting a cytokine response bias toward the Th2 type. Similarly, analysis of the relative production of IFN-␥/IL-4 and TNF-␣/IL-10 in each subject at 48 h and 96 h showed a further increase in the production of IL-4 and IL-10 at 96 h, while production of IFN-␥ and TNF-␣ remained almost the same (Fig. 9) .
In vivo expression of PvTRAg40. The PvTRAg40 gene is transcriptionally active, as demonstrated by the amplification of cDNA. Similar to the P. falciparum protein PfTryThrA (36) FIG. 7. PvTRAg40-and PHA-induced Th1-type cytokine responses in P. vivax-exposed human subjects and malaria-naïve individuals. Individual supernatants from quadruplicate cultures of each sample were collected after 48 h of cell stimulation, pooled, diluted 1:1 with culture medium, and assayed by sandwich ELISA. Cytokine secretion in response to PHA and medium alone was also estimated and plotted. The graphs represent the secretion of IFN-␥ (a), TNF-␣ (b), and IL-12 (c). Open circles represent cytokine values for control individuals who had no history of malaria exposure (n ϭ 10), and solid circles represent values for subjects recently exposed to P. vivax who had recovered 8 to 14 weeks prior to study (n ϭ 20). The geometric mean is shown by a horizontal line for each group. and previously reported PvTRAg (19) , which are expressed by all asexual blood stages of the parasite, indirect immunofluorescence assay of P. vivax-infected thin blood smears developed by polyclonal sera raised against PvTRAg40 demonstrated that fluorescence is associated mainly with all the erythrocytic stages of P. vivax (ring, trophozoite, and schizont) (Fig. 10b to d ). Smears incubated with preimmune rabbit serum did not show any fluorescence on P. vivax-infected erythrocytes (Fig. 10a) . The fluorescence signal for PvTRAg40 increased as asexual blood stages matured from ring to trophozoite but decreased at the schizont stage.
PvTRAg40 is highly conserved among P. vivax isolates. Since the tryptophan residues are present only in the exon 2-encoded polypeptide of the PvTRAg40 protein, this region was PCR amplified and sequenced from 35 clinical isolates of P. vivax which were collected from different geographical regions of India. All 35 isolates were found to contain identical nucleotide sequences. This indicates that there was no sequence variation in the exon 2-encoded polypeptide among the isolates, irrespective of their geographical origin. This also indicates that not only are all the tryptophan residues positionally conserved among regional isolates but there is also no antigenic variation in the exon 2-encoded polypeptide of PvTRAg40.
DISCUSSION
We describe here the identification and immunological characterization of PvTRAg40, which shows homology to the previously known P. vivax molecule called PvTRAg (19) . Both the antigens are expressed during the erythrocytic stages of the parasite, are translocated to the red cell membrane via caveola vesicle complex, and have the same genomic organization and positionally conserved tryptophan residues. These tryptophanrich molecules are members of the P. vivax multigene family, which are common in Plasmodium species (25) . Multigene families are usually a collection of related genes that probably share a common ancestor and might have originated from each other by gene recombination (25) . Since the similar P. yoelii tryptophan-rich proteins have shown protection in the murine model and hence have been proposed as potential vaccine candidates (8, 9), we analyzed PvTRAg40 for its immunological characterization. The majority of P. vivax-exposed individuals (90.7%; n ϭ 43) were found to produce antibodies against this antigen, which also resulted in high-titer antibodies in rabbits. Similarly, 80% (n ϭ 20) of P. vivax-exposed individuals showed lymphoproliferation against PvTRAg40. This indicates that the exon 2-encoded polypeptide of PvTRAg40 contains Band T-cell epitopes which are recognized by the majority of P. vivax patients.
Since cell-mediated immunity is induced and regulated by cytokines, we also studied the profiles of the major cytokines elicited in vitro by PBMC after stimulation with PvTRAg40. All subjects generated significant levels of PvTRAg40-driven Th1 and Th2 cytokines, with a Th2-type response being more pronounced ( Fig. 7 and 8) . We detected higher levels of IL-4 and IL-10 produced by PvTRAg40-stimulated T cells, which is indicative of a Th2 profile. This Th2 bias was further confirmed by the presence of significantly higher levels of IgG4 than IgG1 (P Ͻ 0.05) in the sera of the group of recovered individuals FIG. 8. PvTRAg40-and PHA-induced Th2-type cytokine responses in P. vivax-exposed human subjects and malaria-naïve donors. For analysis of the Th2-type subset, IL-4 (a) and IL-10 (b) cytokines were assayed as described in the legend to Fig. 7 . Open circles represent cytokine values for control individuals who had no history of malaria exposure (n ϭ 10), and solid circles represent values for subjects recently exposed to P. vivax who had recovered 8 to 14 weeks prior to study (n ϭ 20). The geometric mean is shown by a horizontal line for each group. (Fig. 5) . Moreover, we found that the PBMC of P. vivaxexposed individuals produced higher levels of IL-10 in response to PHA and PvTRAg40 than did those of healthy controls. Similar plasma in vitro IL-4 levels have also been reported for P. falciparum-infected patients (4). Furthermore, the geometric mean ratios of IFN-␥ to IL-4 and TNF-␣ to IL-10 at 48 and 96 h and their relative production in the individual subjects also support the prominence of the Th2 response (Table 1 and Fig. 9 ). This is because a certain lymphokine pattern (IFN-␥/IL-4 ratio) is generally used as representative of a Th1 or Th2 profile (33) . Also, smaller values of these ratios are an indication of an anti-inflammatory profile. The further decrease in the ratio of these cytokines after 96 h of stimulation indicates a shift toward the anti-inflammatory response as the time of exposure to the antigen increases. However, the levels of IL-12 were also higher than those of IFN-␥ and TNF-␣. It may be noted here that IL-12 is required for antibody-mediated protection and that its role in the early immune response is critical, as it links innate and acquired immunity (11) . Thus, PvTRAg40 is able to stimulate T cells to produce larger amounts of IL-12, which could be involved in antibody-mediated parasite killing. A predominant Th2 profile is involved in an immune response characterized principally by the secretion of antibodies (33) , which supports antibody-mediated immunity. It is possible that cytokines secreted by T cells after activation qualitatively influence the nature of the immune response. As in P. chabaudi (31, 34) , the immune response to blood-stage infection could involve sequential activation of Th1 and Th2 cytokine responses during the acute and chronic stages of infection, respectively. There is a general belief that Th2 cytokines predominating during the chronic stage of infection are important for antibody-mediated antimalarial immunity (15) . The SI values obtained in this study by and large correlated with the values for cytokine production in a majority of subjects. This is similar to the observation made by various workers for several other Plasmodium antigens (5, 6, 12, 18) . Most of the P. vivaxexposed donors in our study who showed positive cellular responses also exhibited a positive antibody response, thereby implying a correlation between B-and T-cell responses and cytokine secretion. Furthermore, these B-and T-cell epitopes of PvTRAg40 are highly conserved among P. vivax populations. This is because the sequences of the exon 2-encoded polypeptide covering the entire tryptophan-rich domain of PvTRAg40 were identical among clinical isolates of different geographical locations. The absence of antigenic polymorphism is highly desirable for a candidate malaria vaccine antigen. The previously reported proteins PvTRAg and PvTARAg55 had also shown conserved sequences, but to a lesser extent than that reported here for PvTRAg40 (19, 30) . Nevertheless, these isolates have shown extensive polymorphisms in other genes, e.g., the PvDHFR coding region as well as its flanking microsatellites (1, 2), PvTARAg55 (30) , and PvAMA-1 (A. Thakur et al., unpublished data). In light of these observations, the highly conserved nature of PvTRAg40 becomes quite significant. Furthermore, PvTRAg40 results in greater humoral and cellular immune responses than does PvTARAg55 among the same group of P. vivax-exposed individuals (30) .
Apart from sharing the positionally conserved tryptophan residues, homologues of PvTRAg present in the database show a high degree of variation, which might represent variation in B-and T-cell determinants. This can be substantiated clearly by the fact that high-titer polyclonal antibodies raised separately against PvTRAg and PvTRAg40 did not show cross- on September 12, 2017 by guest http://iai.asm.org/ reactivity (data not shown). Although both PvTRAg and PvTRAg40 caused similar humoral immune responses among P. vivax-exposed individuals, the latter antigen shows more conserved B-cell epitopes than does PvTRAg. While the T-cell response against PvTRAg remains to be elucidated, the augmented cellular immune response and Th2 type of cytokine production, together with conserved T-cell epitopes, make PvTRAg40 an attractive vaccine candidate antigen, as it can provide antibody-mediated protection against P. vivax infection to the host.
